Muon-spin-relaxation (µSR) measurements have been performed for the partially Zn-substituted electron-doped high-Tc superconductor Pr0.86LaCe0.14Cu1−yZnyO 4+α−δ with y = 0 -0.05 and the reduced oxygen content δ = 0 -0.09, in order to investigate nonmagnetic Zn-impurity effects on the Cu-spin dynamics. For all the measured samples with 0.01 ≤ δ ≤ 0.09, it has been found that a fast depolarization of muon spins is observed below 100 K due to the effect of Pr 3+ moments and that the µSR time spectrum in the long-time region above 5 µsec increases with decreasing temperature at low temperatures below 30 K possibly due to slowing down of the Cu-spin fluctuations assisted by Pr 3+ moments. No Zn-induced slowing down of the Cu-spin fluctuations has been observed for moderately oxygen-reduced samples with 0.04 ≤ δ ≤ 0.09, which is very different from the µSR results of La2−xSrxCu1−yZnyO4. The possible reason may be that there are no dynamical stripe correlations of spins and electrons in the electron-doped high-Tc cuprates or that the effect of Pr 3+ moments on the µSR spectra is stronger than that of a small amount of Zn impurities.
I. INTRODUCTION
The so-called hole-electron doping symmetry in the high-T c cuprates has been one of central interests in relation to the mechanism of the high-T c superconductivity. Phase diagrams of the hole-and electron-doped systems are very similar to each other. That is, the parent compounds are both Mott insulators exhibiting longrange antiferromagnetic order with similar values of the Néel temperature. The superconducting phases appear through doping holes or electrons into the Mott insulators. These properties lead to the view of hole-electron doping symmetry.
On the other hand, some properties in the electrondoped superconductors have been found to be different from those in the hole-doped superconductors, leading to the hole-electron doping asymmetry. First, the effectiveness of carriers for destroying the long-range an-tiferromagnetic order is different between the hole-and electron-doped systems. In the electron-doped system of Nd 2−x Ce x CuO 4 , the long-range antiferromagnetic order survives up to x ∼ 0.13 [1] , while it survives only up to x ∼ 0.02 in the hole-doped system of La 2−x Sr x CuO 4 . Second, in the inelastic neutron-scattering measurements, an incommensurate spin-correlation, which may be due to the so-called dynamically fluctuating stripes of spins and holes [2] , has been found in the hole-doped system [3] . In the electron-doped system, on the other hand, a commensurate spin-correlation, which is related to the simple antiferromagnetic order, has been observed [4] . As for impurity effects, different behaviors between the holeand electron-doped systems are also observed. For examples, the superconductivity in the electron-doped system is suppressed through the substitution of magnetic Ni for Cu more markedly than through the substitution of nonmagnetic Zn for Cu [5] , which is contrary to the result in the hole-doped system [6] .
From the view point of effects of nonmagnetic impurities on the Cu-spin dynamics, formerly, we have performed zero-field (ZF) muon-spin-relaxation (µSR) measurements in a wide range of hole concentration of x = 0.10 -0.30 in the hole-doped high-T c superconductor La 2−x Sr x Cu 1−y Zn y O 4 [7] [8] [9] [10] . It has been found that a slight amount of Zn tends to induce slowing down of the Cu-spin fluctuations in the whole superconducting regime, which is able to be interpreted as being due to pinning and stabilization of the dynamically fluctuating stripes of spins and holes. This result might point to the importance of the dynamical stripe correlations in the appearance of high-T c superconductivity in the hole-doped system [11] .
In this paper, we investigate Zn-impurity effects on the Cu-spin dynamics in the electron-doped high-T c superconductor Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ with y = 0 -0.05 and the reduced oxygen content δ = 0 -0.09 from the ZF-and longitudinal-field (LF) µSR measurements, in order to elucidate whether or not the concept of the pinning of the dynamical stripe correlations by Zn holds good in the electron-doped system [12, 13] .
II. EXPERIMENTAL
Polycrystalline samples of the electron-doped Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ with y = 0, 0.01, 0.02, 0.05 were prepared by the ordinary solid-state reaction method as follows [14] . Raw materials of dried La 2 O 3 , Pr 6 O 11 , CeO 2 , CuO and ZnO powders were mixed in a stoichiometric ratio and prefired in air at 900 o C for 20 h. The prefired materials were reground and pressed into pellets of 10 mm in diameter, and sintered in air at 1100 o C for 16 h with repeated regrinding. As-grown samples of Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α (|α| ≪ 1) were post-annealed in flowing Ar gas of high purity (6N) at various temperatures in a range of 900 o C -960 o C for 8 h -12 h in order to remove the excess oxygen at the so-called apical site. The value of δ was estimated from the weight change before and after annealing. All of the samples were checked by the powder x-ray diffraction measurements to be of the single phase. Electrical-resistivity and DC magneticsusceptibility measurements were also carried out to check the superconducting transition temperature, T c , and the quality of the samples, which was found to be good. The ZF-and LF-µSR measurements were performed at low temperatures down to 0.3 K at the RIKEN-RAL Muon Facility at the Rutherford-Appleton Laboratory in the UK using a pulsed positive surface muon beam.
III. RESULTS
The superconductivity in the electron-doped system of Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ is affected by the value of δ, so that the samples are grouped into four classes with different δ values: as-grown (δ = 0), very small δ (δ < 0.01), small δ (0.01 ≤ δ < 0.04) and large δ values (0.04 ≤ δ ≤ 0.09). Figure 1 shows the dependence of T c on the Znconcentration y in Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ with small δ and large δ values. The T c is defined as the temperature where the resistivity drops to 50 % of the normal-state value. It is found that T c decreases with increasing y, indicating that Zn is well substituted for Cu. Figure 2 shows the ZF-µSR time spectra of the Zn-free Pr 0.86 LaCe 0.14 CuO 4+α−δ with δ = 0, very small δ, small δ and large δ values. For the as-grown sample with δ = 0, a muon-spin precession is observed even at a high temperature of 100 K due to the formation of a long-range antiferromagnetic order. For the samples with very small δ, small δ and large δ values, a Gaussian-like depolarization is observed at high temperatures above ∼ 100 K due to randomly oriented nuclear spins, and an exponentiallike depolarization of muon spins is observed at low temperatures below ∼ 50 K. For the sample with the very small δ value, a muon-spin precession due to the formation of a long-range antiferromagnetic order is observed at low temperatures below ∼ 5 K. For the samples with small and large δ values, on the other hand, the time spectra in the short-time region below 5 µsec are almost independent of temperature at low temperatures below 30 K and no muon-spin precession is observed, indicating the absence of any long-range magnetic order above 2 K. As for the spectra at high temperatures above 30 K, the temperature-dependent change of the spectra is independent of δ for superconducting samples with small and large δ values. Taking into account the fact that the Cu-spin dynamics strongly depends on δ as well as the Ce concentration [15] , the temperature-dependent change of the spectra above 30 K in both small and large δ values is not regarded as being due to the Cu-spin dynamics but due to static random magnetism of small magnetic moments of Pr 3+ ions induced by the mixing of the excited state in the crystal electric field [16, 17] . Watching the spectra of the samples with large δ values in detail, it is found that the normalized asymmetry in the long-time region above 5 µsec increases with decreasing temperature at low temperatures, as clearly shown in Fig. 3 . The behavior is analogous to the recovery of the normalized asymmetry to 1/3 in the long-time region usually observed in a long-range magnetically ordered state. The fast depolarization with no muon-spin precession is considered to be due to the formation of not a long-range but a short-range magnetic order. Therefore, it is suggested that the Cu-spin correlation is developed and the Cu-spin fluctuations exhibit slowing down at low temperatures for the samples with large δ values.
In order to clarify the dual existence of the static magnetism and dynamical spin-fluctuations, LF-µSR measurements were performed under LF up to 1000 G. Figure  4 shows the LF-µSR time spectra in the normal state of the Zn-free Pr 0.86 LaCe 0.14 CuO 4+α−δ with large δ values at 30 K. The tail of the spectrum is found to be gradually quenched with increasing LF up to 60 G, suggesting the existence of static magnetic moments. However a long-time depolarization is still observed even in high LF of 1000 G, suggesting that dynamically fluctuating internal fields still exist at the muon site. Therefore, the LF-µSR results suggest the coexistence of the static magnetism and dynamical spin fluctuations in the sample of 
Pr 0.86 LaCe 0.14 CuO 4+α−δ with large δ values. Figure 5 shows the ZF-µSR time spectra of the Znsubstituted Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ with y = 0 -0.05 and large δ values. It is found that the spectra are independent of the Zn concentration. That is, Zninduced slowing down of the Cu-spin fluctuations as observed in the hole-doped system is not observed.
In the analysis of the ZF-µSR time spectra, we assume that the implanted muons occupy the site near the edge of tetrahedron configuration with Pr/La atoms at their corner [16] . Since the muon feels an internal field from two kinds of moments addressed to Pr 3+ and Cu 2+ moments, the effect of both moments should be taken into account. Among several equations such as dynamic Kubo-Toyabe function, it has been found that the ZF-µSR time spectra are best fitted with the following twocomponent function:
The first term represents a stretched-exponential component in a region where effects of nuclear spins and Cu spins are dominant. A s , λ and β are the initial asymmetry, the relaxation rate of muon spins and the power of damping, respectively. The second term represents a static Gaussian component in a region where the small Pr 3+ moments are dominant. A G is the initial asymmetry and σ is due to the distribution width of dipolar fields at the muon site. Figure 6 shows the temperature dependence of fitting parameters A s , λ, β, A G and σ for the Zn-free Pr 0.86 LaCe 0.14 CuO 4+α−δ with large δ values. At high temperatures above 100 K, all parameters are almost independent of temperature, indicating no other effect than that of nuclear spins. Below 100 K, A G starts to increase with decreasing temperature down to 30 K, accompanied by an increase in σ below ∼ 60 K. This is regarded as be- ing due to development of the static random magnetism of the small Pr 3+ moments. Below 30 K, A G decreases and A s and λ increase with decreasing temperature. This is regarded as being due to the development of the Cuspin correlation. In fact, β tends to fall down to 0.5 at 0.3 K, suggesting the formation of a spin-glass state of Cu spins [18] . These results indicate that, with decreasing temperature, the development of the static random magnetism of the small Pr 3+ moments starts to appear below 100 K and the development of the Cu-spin correlation, namely, the slowing down of the Cu-spin fluctuations starts to appear below 30 K. Figure 7 shows the temperature dependence of λ and σ of the Zn-substituted Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ with large δ values. For all the Zn-substituted samples, λ increases with decreasing temperature below ∼ 30 K due to the slowing down of the Cu-spin fluctuations. On the other hand, σ increases below ∼ 60 K and is saturated below ∼ 30 K due to the development of the static random magnetism of the small Pr 3+ moments. For both λ and σ, it is found that no significantly different behavior is observed between the samples with different y values, indicating no Zn-induced development of the Cu-spin correlation, namely, no Zn-induced slowing down of the Cuspin fluctuations. This result is very different from that observed in the hole-doped La 2−x Sr x Cu 1−y Zn y O 4 [7] [8] [9] [10] .
IV. DISCUSSION
One important feature in the present results is that the trace of the development of the Cu-spin correlation is observed at low temperatures below ∼ 30 K even for the Zn-free sample. Fujita et al. have also reported the possible development of the Cu-spin correlation and the slowing down of the Cu-spin fluctuations in the singlecrystal Pr 1−x LaCe x CuO 4+α−δ with x = 0.11 undergoing the appearance of static/quasi static internal magnetic fields at the muon site [19] . The possible origin of the slowing down observed even in the Zn-free samples is enhancement of the Cu-spin correlation assisted by Pr 3+ moments.
The other important feature is no Zn-induced slowing down of the Cu-spin fluctuations. That is, Zn impurities do not appear to affect the Cu-spin dynamics, which is very different from the results of the hole-doped high-T c cuprates [7] [8] [9] [10] . This may be understood in two ways. First, there may be no dynamically fluctuating stripes of spins and electrons in the electron-doped system [4, 20] , because the existence of the dynamical stripes leads to the Zn-induced slowing down of the Cu-spin fluctuations in the hole-doped system. Secondly, the effect of Pr 3+ moments is stronger than that of a small amount of Zn impurities. In any case, the Cu-spin dynamics observed within the µSR time window (10 −6 -10 −11 sec) in the electron-doped cuprates may not be so affected by any impurity as follows. Generally, impurities tend to make carriers localized. Since doped holes give rise to magnetic frustration between Cu spins in the hole-doped cuprates, whether holes are mobile or localized may affect the Cuspin dynamics strongly, leading to large effects of impurities on the Cu-spin dynamics. In the electron-doped cuprates, on the other hand, doped electrons give rise to no magnetic frustration between Cu spins and give rise to only dilution of Cu spins. Therefore, whether doped electrons are mobile or localized may not affect the Cuspin dynamics so much, leading to no significant effects of impurities on the Cu-spin dynamics.
V. SUMMARY
We have investigated the Cu-spin dynamics from ZF-µSR measurements in the partially Znsubstituted electron-doped high-T c superconductor Pr 0.86 LaCe 0.14 Cu 1−y Zn y O 4+α−δ changing the reduced oxygen content δ (δ ≤ 0.09) and y (y ≤ 0.05). For the Zn-free samples of Pr 0.86 LaCe 0.14 CuO 4+α−δ with small δ (0.01 ≤ δ < 0.04) and large δ values (0.04 ≤ δ ≤ 0.09), it has been found that a fast depolarization of muon spins is observed below 100 K due to the effect of Pr 3+ moments and that the µSR time spectrum in the long-time region above 5 µsec increases with decreasing temperature at low temperatures below 30 K. The latter suggests the possible slowing down of the Cu-spin fluctuations assisted by Pr 3+ moments. The dual existence of the static magnetism of Pr 3+ moments and the Cu-spin fluctuations has been confirmed from LF-µSR measurements.
Moreover, no Zn-induced slowing down of the Cu-spin fluctuations has been observed for moderately oxygen-reduced samples with 0.04 ≤ δ ≤ 0.09, which is very different from the µSR results of the hole-doped high-T c superconductor La 2−x Sr x Cu 1−y Zn y O 4 . Possible reasons are as follows: (i) There may be no dynamical stripe correlations of spins and electrons in the electron-doped system. (ii) The effect of Pr 3+ moments on the µSR spectra may be stronger than that of a small amount of Zn impurities.
